Abstract: Euglenids are a group of algae of great interest for biotechnology, with a large and 9 complex metabolic capability. To study the metabolic network, it is necessary to know the subcellular 10 locations of the component enzymes, but despite a long history of research into Euglena, the 11 subcellular locations of many major pathways are only poorly defined. Euglena is phylogenetically 12 distant from other commonly studied algae, they have secondary plastids bounded by three 13 membranes, and they can survive after destruction of their plastids. These unusual features make it 14 difficult to assume that the subcellular organization of the metabolic network will be equivalent to 15 that of other photosynthetic organisms. Moreover, we show here that the presence of the secondary 16 chloroplast means that it is not possible to make reliable predictions of the subcellular locations of 17 enzymes in Euglena using existing informatics tools. In order to generate a model of the central 18 metabolic pathway operating in Euglena we analysed biochemical and proteomic information from a 19 variety of sources to assess the subcellular location of relevant enzymes. We use these assignments 20 to propose the compartmentation of the core metabolic pathways in Euglena, a prerequisite for the 21 further study of the metabolic network of Euglena. This model of the metabolic network shows that, 22
targeting in Euglena is likely to require more specific databases or algorithms, since the evolution of 213 the Euglena chloroplast is different from that of plants. From this analysis, the prediction of 214 mitochondria targeting with high reliability scores can be informative. However, due to the false 215 predictions of chloroplast proteins to other locations, the prediction results cannot be fully relied 216 upon and need to be carefully evaluated in conjunction with other evidence (Table S1, S2). To 217 establish the subcellular localisation of the proteins in Euglena, enzymatic and biochemical analyses 218 are unavoidable. 219 220 the fructokinase activity was only found in the supernatant [2, 51] . Glucokinase is therefore concluded 244 to be in organelles, whilst fructokinase is in the cytosol. 245
Phosphoglucoisomerase (EC 5.3.1.9 ) 246
The activity of this enzyme was detected in E. longa [2, 52] , although, the subcellular location has 247 not been reported. 248 EC 2.7.1.90) 250 In E. gracilis, 6-phosphofructokinase was reported to be located in both chloroplasts and the 251 chloroplast proteome [40] . 271
Phosphoglycerate kinase (EC 2.7.2 
.3) 272
The activity of phosphoglycerate kinase was reported in isolated E. gracilis chloroplasts [59] and 273 the enzyme was detected in E. gracilis chloroplast proteome [40] , although, the presence in other 274 subcellular locations has not been investigated. 275
Phosphoglycerate mutase (EC 5.4.2.11) 276 No specific studies of the activity of this enzyme have been reported in Euglena. However, the 277 enzyme was recently reported to be present in the E. gracilis chloroplast proteome [40] . 278
Enolase (EC 4.2.1.11 ) 279
The activity of enolase was previously detected in E. gracilis but the subcellular location was not 280 described [47, 60] . N-terminal targeting peptide analysis of cDNA clones of E. gracilis suggested that 281 enolase could be present in both the cytosol and the chloroplast [61] . However, as shown in section 282 2.3, it is difficult to predict protein targeting into the chloroplasts of Euglena and, furthermore, enolase 283 was not found in the chloroplast proteome of E. gracilis [40] . 284
Pyruvate kinase (EC 2.7.1.40 ) 285
The activity of pyruvate kinase in E. gracilis was shown to be highly active in cultures grown on 286 glucose [62] . This enzyme was reported to be located in both proplastids and the cytosol of E. gracilis, 287 however, the activity of this enzyme was not detected in the mature chloroplast [48] . 288
Fructose-1, ) 289
Fructose-1,6-bisphosphatase is involved in gluconeogenesis and has been reported from Euglena 290 [48, 53] . The cytosolic fructose-1,6-bisphosphatase in E. gracilis was detected and characterized [63] . 291
Recently, the enzyme was reported in the E. gracilis chloroplast proteome [40] , where it is presumably 292 involved in the Calvin cycle. 293
Pentose phosphate pathway 294

Oxidative phase 295
In contrast to higher plants and green algae, all the enzymes of the oxidative arm of the pentose 296 phosphate pathway in E. gracilis were reported to be present in the cytosol, but not the chloroplast. 297
Using non-aqueous fractionation, it was found that two dehydrogenases of the oxidative pentose 298 phosphate pathway were absent from the E. gracilis plastid [46] and these enzymes were not detected 299 in the proteome of the E. gracilis chloroplast [40] . In separate studies, the activity of 6-300 phosphogluconate dehydrogenase (EC 1.1.1.44) was confirmed to be in the cytosol [47] , and glucose-301 6-phosphate dehydrogenase (EC 1.1.1.49) was reported to be located in the cytosol [2, 47, [64] [65] [66] and 302 has been used as a cytosolic marker enzyme [67] . On the other hand, a single glucose-6-phosphate 303 dehydrogenase was detected in the chloroplast proteome. However, the proteome was reported to 304 be moderately contaminated with protein from other organelles [40] and thus, subcellular location ofthe enzyme will need further investigations to confirm its location. This enzyme is specific for NADP 306 in Euglena and induced by glucose, with low activity detected under heterotrophic growth in thechloroplasts [68] . The subcellular location of pentose-5-phosphate-3-epimerase (EC 5.1.3.1) has not 314 been reported, although the activity of this enzyme was detected in heterotrophic, autotrophic and 315 mixotrophic growth conditions, along with the activity of transketolase (EC 2.2.1.1) [69] and 316 transaldolase (EC 2.2.1.2) [56] . Non-aqueous separation techniques showed the presence of 317 transaldolase in Euglena chloroplasts and proplastids [48] . 318
Notably, there are two isoforms of each enzyme of the non-oxidative PPP in the E. gracilis 319 transcriptome, except transketolase which has three. For three of these enzymes, only one isoform 320 was identified in the chloroplast proteome [40] , whereas neither isozyme of transaldolase could be 321
detected. This suggests that the other isoforms are present in another location within the cell and the 322 lack of any detectable targeting signal indicates this is likely to be the cytosol. However, extensive 323 study of this pathway has not been reported and further investigation would be needed to confirm 324 the operation of the pathway in the cytosol.located in the cytosol but not in mitochondria, and is specific for NADP and L-malate [2] . The NAD-328 specific malic enzyme (EC 1.1.1.39) can only be detected in E. gracilis cultured with D-malate [70] . 329
Recently, a proteomic study detected malate dehydrogenase (EC 1.1.1.40) in E. gracilis chloroplasts 330
[40]. The activity of this enzyme varied widely with light and carbon sources. NADP-specific malic 331 enzyme has 55 times greater activity in heterotrophic cells than in autotrophic cells. This result 332 suggests a physiological role in Euglena for these enzymes in providing NADPH for cytosolic fatty-333 acid synthesis in the dark [71, 72] . 334
Phosphoenolpyruvate carboxylase (PEP carboxylase, EC 4.1.1.31) was shown to have multiple 335 isozymes which were active in different light conditions. It has been reported that PEP carboxylase 336 functions for CO2 fixation in E. gracilis grown in the dark and under CO2 limited conditions [73, 74] . 337
The activity of PEP carboxykinase in E. gracilis is specific for GTP rather than ATP [75] . PEP 338 carboxylase and phosphoenolpyruvate carboxykinase (PEP carboxykinase, EC 4.1.1.32) are discrete, 339 separate enzymes in E. gracilis [76] . PEP carboxykinase was reported to be located exclusively in the 340 cytosol and the enzyme could not be detected in cells grown under autotrophic conditions [77] . In 341 addition, the activity of PEP carboxykinase was detected in E. gracilis cultured with acetate or ethanol, 342
but not with glucose [71] . Pyruvate carboxylase (EC 6.4.1.1) was also reported to be located in the 343 cytosol [78] . The activity of this enzyme was found in cells grown under heterotrophic culture fed 344 with glucose, but not with acetate or in autotrophic cells [2] .
In Euglena gracilis, trehalose synthesis was reported to have a role in the adaptation to osmotic 439 stress [111, 112] . Trehalose biosynthesis involves a two-step process through the sequential action of 440 trehalose-phosphate synthase (TPS, EC 2.4.1.15) and trehalose-phosphate phosphatase (TPP, EC 441 3.1.3.12). It was found that the activities of TPS and TPP could not be separated and so a TPS/TPP 442 enzyme complex of about 250kDa was suggested to be responsible for trehalose synthesis in E. gracilis 443 [113] . In Arabidopsis, the bulk of the TPP was reported to be cytosolic [114, 115] . However, the 444 subcellular localisation of the TPS/TPP complex in Euglena has not been investigated. Analysis of the 445 chloroplast proteome of E. gracilis [40] shows no evidence of the TPS and TPP suggesting it is more 446 likely that the TPS/TPP complex is located in the cytosol (or conceivably mitochondria) rather than 447 in chloroplasts. 448
Amino acid biosynthesis 449
The pathways of amino acid biosynthesis in Euglena have been poorly investigated, especially 450 with regard to their subcellular localisation. The recent evidence from the proteomic analysis of 451
Euglena chloroplasts suggested that their capacity for synthesis of amino acids is extremely limited, 452 in contrast to plant and algal chloroplasts, which is the major subcellular site for synthesis of various 453 amino acids [40] . Here we present a summary of the likely subcellular localisation of amino acid 454 biosynthesis in Euglena. 455
Glycine and serine (glycolate pathway associated) 456
Glycine and serine are synthesised from glyoxylate, an intermediate of photorespiration and 457 gluconeogenesis. Glycolate dehydrogenase (EC 1.1.99.14), the starting enzyme of the glycolate 458 pathway, was reported to be located in both mitochondria and microbodies in E. gracilis [86] . 459
Glutamate:glyoxylate aminotransferase (EC 2.6.1.4), which adds the amino group to form glycine 460 synthesized from glutamate using glutamine synthetase, but the properties of this enzyme have not 539 been studied in Euglena [133] . Asparagine synthetase, the enzyme that converts aspartate to 540 asparagine, has not been reported from Euglena. The activities of alanine aminotransferase and 541 alanine dehydrogenase were detected in E. gracilis, but the localisation of these enzymes has not been 542 described [2, 134, 135] . 543
Tetrapyrrole biosynthesis 544
Tetrapyrrole, the core of heme and chlorophyll, is synthesised from δ-aminolevulinic acid 545 (ALA). Heterotrophs tend to synthesize ALA from glycine and succinyl-CoA via the Shemin pathway 546 in the mitochondia [136] , whilst photoautotrophs make ALA from glutamate in the C5 pathway, 547 located in the chloroplast [137] . E. gracilis is known to utilise both routes [138] , and the transcriptome 548 shows a bacterial-derived Shemin pathway and a green algae-related C5 pathway, presumably 549 obtained with the chloroplast [23] . These have been identified in the mitochondria and chloroplasts 550 of E. gracilis respectively [139] . This again supports the multiple locations of core metabolic pathways 551 that are plastid localised in other photosynthetic organisms. 552
Lipid biosynthesis 553
The subcellular locations of the enzymes involved in lipid metabolism in Euglena are poorly 554 investigated. As in other organisms Euglena produces the lipid building block malonyl-CoA from 555 CO2 and acetyl-CoA using acetyl-CoA carboxylase, which forms a multienzyme complex with 556 phosphoenolpyruvate carboxylase and malate dehydrogenase in the cytosol [140] . Malonyl-CoA is 557 then used to synthesise fatty acid using fatty acid synthases (FAS), of which three types have been 558
reported in E. gracilis. FAS I and FAS III were reported to function in heterotrophic growth conditions. 559
The properties of FAS III has not been investigated in detail. The structure of FAS I was similar to 
Conclusions 610
The subcellular compartmentation of many major metabolic pathways has been intensively 611 studied in yeast and in plants. For many, more distantly related organisms, most information is 612 typically inferred by extrapolation from these thoroughly examined species. Drawing on a range of 613 Euglena biochemical and proteomic data, we propose a model for the organisation of central 614 metabolism in E. gracilis. These analyses reveal unique features of this alga that diverge significantly 615 from expectations derived from well-studied organisms. The most striking difference is the 616 duplication within Euglena of various biosynthetic pathways solely present in the plastids of plants, 617 contributing to the ability of Euglena to lose its plastid entirely and survive on simple carbon sources. 618
We propose that this is due to the requirement of the heterotrophic ancestor to synthesise all 619 necessary cellular components before the acquisition of the secondary plastid. In this context, it seems 620 likely that the plastid pathways are duplicating pathways that were originally present in the Euglenid 621 
